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Abstract
After the pallid sturgeon (Scaphirhynchus albus) was listed as endangered in 1990, a
variety of management actions focusing on early life history needs have been
implemented to aid species recovery. Given the scarcity of age‐0 pallid sturgeon,
managers and scientists have relied on sympatric congeners to evaluate the
effectiveness of management actions in the short term; however, increased
understanding of habitat requirements for age‐0 Scaphirhynchus sturgeon is
still needed to appropriately focus management efforts. Recently, a lack of
food‐producing and foraging habitats were proposed as potential limiting factors for
pallid sturgeon, and the purpose of this study was to evaluate the current definition
of these habitats at multiple spatial scales using data from age‐0 Scaphirhynchus
sturgeon (shovelnose sturgeon [Scaphirhynchus platyrhynchus] or hybrid [shovelnose
sturgeon x pallid sturgeon]). Results showed the water depths and velocities
that currently define age‐0 pallid sturgeon foraging habitat had little effect on age‐0
Scaphirhynchus sturgeon prey consumption. Similar results occurred when evaluating
the relationship between prey consumption and food‐producing habitat present 10,
20, and 30 days before capture. Assuming that individuals captured during this study
were a valid surrogate, these results suggest that increasing foraging and food‐producing
habitat as defined by the current depth and velocity criteria is unlikely to result in
the desired benefits of increased growth and survival of age‐0 pallid sturgeon.
KEY W ORDS

adaptive management, foraging, habitat restoration, Scaphirhynchus sturgeon
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I N T RO D U CT I O N

St. Louis, Missouri), aquatic habitat restoration has focused on increasing
survival of age‐0 pallid sturgeon to spur population growth (U.S. Fish and

After the pallid sturgeon Scaphirhynchus albus was listed as endangered

Wildlife Service (USFWS), 2000, 2003). From 2003 to 2015, restoration

in 1990, a variety of management actions have been implemented to

activities involved increasing shallow‐water habitat, areas defined as

aid species recovery. On the lower Missouri River (LMOR; Gavins Point

depth < 1.5 m and velocity < 0.61 m/s at median August flow (USFWS,

Dam, South Dakota downstream to the Mississippi River confluence at

2000, 2003). This definition included specific features such as side
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channels, backwaters, depositional sandbars detached from the bank,

success. Additionally, more recent studies (Gemeinhardt et al., 2016;

and low‐lying depositional areas adjacent to shorelines (Olson, 2009).

Gosch et al., 2017; Gosch, Miller, Gemeinhardt, Sampson, & Bonneau,

Management of endangered species, however, often requires

2015; Hall et al., 2016) suggest that age‐0 Scaphirhynchus sturgeon

decision‐making with incomplete knowledge and insufficient time to

often use a wider range of depth and velocity compared with those

evaluate hypotheses prior to implementing actions (Runge, 2011),

reported by Ridenour et al. (2011).

and management of pallid sturgeon in the Missouri River is certainly

Recent studies have also evaluated diet composition of age‐0

no exception. Given the similarities in development (Colombo, Garvey,

Scaphirhynchus sturgeon (Braaten, Fuller, & McClenning, 2007; Civiello

& Wills, 2007) and rarity of age‐0 pallid sturgeon, managers and

et al., 2018; Gosch et al., 2016; Harrison, Slack, & Killgore, 2014;

scientists have relied on sympatric congeners to evaluate the

Sechler et al., 2013; Sechler, Phelps, Tripp, & Garvey, 2012), and

effectiveness of management actions in the short term. Recent studies

Gosch, Civiello, Gemeinhardt, Bonneau, and Long (2018) found that

of post‐drift, age‐0 Scaphirhynchus sturgeon suggest shallow‐water

age‐0 pallid and shovelnose sturgeon (Scaphirhynchus platyrhynchus)

habitat restoration, as defined, may not provide the hypothesized

consumed similar prey items; however, relationships between prey

benefits of increased survivorship and subsequent population growth

consumption and habitat, such as depth and velocity, were not

(Civiello et al., 2018; Gemeinhardt et al., 2016; Gosch et al., 2017).

investigated. Furthermore, past research has focused on the depths

These types of uncertainties demonstrate the need for an adaptive

and velocities at, or very near, the point of capture rather than

management approach to Missouri River management (Doyle et al.,

quantifying habitats available to age‐0 Scaphirhynchus sturgeon at a

2011; NRC, 2011). Prior to the development of an adaptive

variety of spatial scales. Therefore, the objective of this study was to

management plan, however, Doyle et al. (2011) recommended that

utilize previously collected age‐0 Scaphirhynchus sturgeon diet data

an effects analysis, as described by Murphy and Weiland (2011),

(Civiello et al., 2018) to determine if fish captured from locations

should be undertaken. The focus of the effects analysis was to

meeting the a priori proposed foraging and food‐producing habitats

describe how Missouri River management has affected and may affect

exhibit increased prey consumption at multiple spatial scales.

pallid sturgeon. This analysis utilized all available scientific information

Understanding these relationships may provide the necessary

and culminated with a number of hypotheses regarding the effects of

information to guide future restoration measures, adjust monitoring

current Missouri River management on pallid sturgeon and potential

metrics for habitat restoration projects, and contribute to an ongoing

management actions to benefit pallid sturgeon (Jacobson et al.,

adaptive management strategy with the objective of increasing pallid

2016). Following the Jacobson et al. (2016) effects analysis, the U.S.

sturgeon recruitment to age one.

Army Corps and Engineers (USACE), the USFWS, and the Missouri
River Recovery Implementation Committee (stakeholder group)
developed a Science and Adaptive Management Plan to guide

2

METHODS

|

implementation and evaluation of pallid sturgeon management actions
on the Missouri River (Fischenich et al., 2017).

2.1

|

Fish collection and prey consumption

These documents (Fischenich et al., 2017; Jacobson et al., 2016)
included alternative age‐0 pallid sturgeon habitat criteria to guide

Age‐0 Scaphirhynchus sturgeon were collected monthly, May–October,

habitat restoration projects. Jacobson et al. (2016) posited three

during 2014 and 2015 from five reaches (26–37 km in length) of

necessary functional elements of age‐0 pallid sturgeon habitat:

the LMOR (Figure 1; see Gosch et al., 2017), and a subset of these

interception defined as the process by which drifting free embryos

individuals was selected for diet analysis (Civiello et al., 2018). When

are transferred from the thalweg into supportive channel margin areas;

water levels were too high for field crews to confidently locate dike

food‐producing habitat defined as areas with velocities <0.08 m/s

structures, safety concerns precluded sampling. Reaches were chosen

(areas that produce benthic invertebrates consumed by age‐0

to represent a broad range (1.5–8.8 ha/km) of “shallow water habitat”

Scaphirhynchus sturgeon); and foraging habitat defined as water with

relative to the past restoration target of 5.0–7.6 ha/km (Gosch et al.,

depths of 1–3 m and velocities between 0.5 and 0.7 m/s (areas where

2017) but also included a wide range of the recently defined pallid

young Scaphirhynchus sturgeon feed; Jacobson et al., 2016). These

sturgeon food‐producing and foraging habitats. Fish tissue samples

elements provide a hypothesized description of habitat components

were sent to Dr. Edward Heist (Southern Illinois University), and

used by age‐0 pallid sturgeon and are currently being used to aid in

genetic identification (Eichelberger, Braaten, Fuller, Krampe, & Heist,

the design of habitat projects on the LMOR with an initial annual

2014; Schrey, Sloss, Sheehan, Heidinger, & Heist, 2007) found that

restoration target of 33 000 acre days over the next 6 years and an

none of the individuals used during this study were pallid sturgeon,

increase to 66,000 acre days in the subsequent 9 years (USFWS, 2018).

and further identification (shovelnose sturgeon or hybrid [shovelnose

The age‐0 pallid sturgeon habitat definitions, however, were

sturgeon x pallid sturgeon]) was not performed. Two benthic otter

described as preliminary with a likely need for future adjustments as

trawls were used for fish collection. The first, termed the OT02, is a

more information becomes available. For example, the proposed

4‐mm mesh trawl (2.4 m wide with 0.76 × 0.38 m otter doors) that is

foraging habitat definition provided by Jacobson et al. (2016) relied

used to sample depths <2 m. The second, termed the OT04, is a

solely on the depths and velocities measured within habitat types

4‐mm mesh trawl (4.9 m wide with 0.91 × 0.38 m otter doors) used to

yielding the highest age‐0 Scaphirhynchus sturgeon catch rates during

sample depths >2 m; however, sampling of depths >5 m was usually

2007–2009 (Ridenour, Doyle, & Hill, 2011) without any associated

avoided due to safety concerns (Gosch et al., 2017) and generally low

diet or prey availability data that would directly link habitat to foraging

catches of age‐0 Scaphirhynchus sturgeon (Love, Phelps, Tripp, &
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FIGURE 1 Map of 2014 and 2015 study
reaches in the lower Missouri River with inset
showing an example of the bend and trawl
spatial scales
Herzog, 2017; Phelps et al., 2010). Depth was measured to the nearest

friction are the dominant terms dictating river hydraulics while

0.1 m at the beginning, middle, and end points of all trawls, and mean

disregarding the unsteady, advection, and viscous terms (Hydrologic

depth was used for analyses. Velocity measurements were collected

Engineering Center, 2016).

for all trawls that yielded age‐0 Scaphirhynchus sturgeon and at 25%

Model terrain was developed from two sources that included

of all noncapture trawls (Welker & Drobish, 2016). Water velocity

2013 main channel bathymetry cross sections and 2014 low‐water

was measured near the bottom with a Marsh–McBirney flowmeter at

light detection and ranging data combined into a 3‐m digital eleva-

the midpoint of each trawl. Trawl distances ranged in length from 75

tion model. For model generation, computation point spacing was

to 300 m based upon Welker and Drobish (2016).

33 m or less in both the x and y directions, with a 6‐m spacing,

Following capture, individuals were measured to fork length

on average, near river structures and bank lines. For boundary con-

(when a well‐defined fork was present) or total length (excluding the

ditions, the HEC‐RAS models utilized data from available USGS

caudal filament; Braaten et al., 2007) to the nearest mm. Each

gages, with the model's upstream and downstream boundaries gen-

individual was then preserved in 100% ethanol and stored at

erally set at the nearest gage. For reaches without gages near the

approximately 0°C. Up to 100 individuals per year (maximum of 20

upstream reach boundary (approximately 30 kms), we utilized gages

per reach) from each of six length categories (≤20, 21–40, 41–60,

within the reach and adjusted the time scale appropriately. Each

61–80, 81–100, and 101–120 mm) were randomly selected for diet

2D HEC‐RAS model was calibrated using both daily flow and stage

analysis and weighed to the nearest 0.0001 g at the conclusion of

data for the entire sampling period in 2014 and 2015. Additionally,

each field season (Civiello et al., 2018). To determine the weight of

the models were calibrated to a 2014 low‐water surface profile to

prey consumed, the lower esophagus and stomach of age‐0

ensure that the models accurately represented areas between gages.

Scaphirhynchus sturgeon were removed in the laboratory, blotted

Models were calibrated to the available data by adjusting spatially

dry, and weighed (mg). Gut contents were removed, and the stomach

varied Manning's n values. Available Acoustic Doppler Current Pro-

reweighed to estimate stomach content weight, which included

filer velocity data were used to validate the velocity output for each

unidentifiable material (Terry, 1976). Although ethanol preservation

model (Appendix S1). We ran models for the entire study period

may reduce weight measurements (Garvey & Chipps, 2012), all

using a 10‐min time step.

weighing for each individual was conducted postpreservation.

To reduce the amount of data processing needed, daily habitat
acreages were not calculated directly from model results. Instead, discharge versus habitat acreage rating curves (Figure 2) were con-

2.2

|

Habitat quantification

structed using model results for days having a daily discharge
corresponding to the minimum, 10, 25, 50, 75, and 90, and maximum

We used a two‐dimensional (2D) module of the USACE Hydrologic

percent exceedance within the May–October 2014–2015 study

Engineering Center–River Analysis Software (HEC‐RAS, version

period. A geographic information system was used to identify areas

5.0.1) to quantify the amount of recently defined foraging and food‐

that met depth and velocity ranges from model outputs for these days.

producing habitat in each reach. This model uses an Implicit Finite Vol-

A classification of rasters that met the hypothesized criteria for food‐

ume algorithm to approximate the Shallow Water (SW) equations,

producing (<0.08 m/s) and foraging (0.5–0.7 m/s, 1–3 m) habitats was

which are simplifications of the three‐dimensional fluid motion

used to the produced total acreage for these days. Daily habitat esti-

described by the Navier–Stokes equations. The Diffusive Wave

mates (ha/km) within each reach (Figure 3) were then calculated from

Approximation of SW equation, the most simplified of the SW equa-

daily discharge in conjunction with the habitat rating curves. To repre-

tions, was used in the model. It assumes that gravity and bottom

sent the area of a trawl, a 10 m buffer to each side of the line was

208
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FIGURE 2 The amount of foraging and
food‐producing habitats under varying flow
conditions for five reaches, by river kilometre,
in the lower Missouri River [Colour figure can
be viewed at wileyonlinelibrary.com]

established, while maintaining the length of the trawl. We restricted

percentage, we performed an aligned rank transformation (Higgins,

habitat quantification to within‐channel habitat; therefore, estimates

Blair, & Tashtoush, 1990; Wobbrock, Findlater, Gergle, & Higgins,

of foraging and food‐producing habitats were not quantified on the

2011) followed by a two‐factor analysis of variance (Proc GLM;

floodplain during out‐of‐bank flows. The number of days exceeding

Kruskal‐Wallis equivalent). The aligned rank transformation properly

bankfull discharge, by year, for each reach are included in Table 1.

ranks the data to allow analysis of main and interaction effects in statistical models (Higgins et al., 1990; Wobbrock et al., 2011). When significant differences occurred, post hoc analyses with LSMEANS were

2.3

|

Data analysis

interpreted at α = 0.05.
To examine the possible influence of habitat quantity, we used

We used trawls containing age‐0 Scaphirhynchus sturgeon for all anal-

linear regression to determine if prey consumption was correlated

yses except when evaluating depth and velocity at noncapture sites.

with the amount of foraging habitat at multiple spatial scales. To

To account for size‐related differences among individuals, we stan-

account for fish size, we regressed prey weight with body weight in

dardized prey consumption by dividing the prey weight by the body

order to calculate the studentized residuals for prey weight, which

weight multiplied by 100 (consumption percentage, hereinafter) for

were used as the dependent variable in subsequent linear regression

each individual (Chipps & Garvey, 2007). For trawls that yielded mul-

analyses at the reach, bend, and trawl spatial scales. Laboratory diet

tiple age‐0 Scaphirhynchus sturgeon, the consumption percentage

experiments demonstrated that age‐0 pallid sturgeon (41–108 mm)

was averaged for all captures within that trawl. Using these values,

usually had low‐gut fullness values after 24 hr at water temperatures

we developed a consumption percentage matrix to determine if vari-

of 14, 18, and 24°C (Deslauriers, Rosburg, & Chipps, 2017); thus, for-

ous combinations of depth and velocity led to increased prey con-

aging habitat was calculated by averaging estimates from the day of

sumption when controlling for body size. A consumption matrix was

capture and the previous day, which was then used as the indepen-

also constructed for each individual length category. To determine

dent variable. We used a Bonferroni correction (0.05/3 = 0.017) to

the effect of foraging habitat availability and year on the consumption

decrease the potential for a Type 1 error from multiple foraging habitat

GEMEINHARDT
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FIGURE 3 Discharge and daily estimates of foraging and food‐producing habitats during 2014 and 2015 from five reaches, by river kilometre, in
the lower Missouri River [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 1 The number of days for each modelled reach that
experienced flows above bankfull levels during the study period
(May–October during 2014 and 2015)
Bankfull discharge (m3/s)

2014 (# days)

2015 (# days)

1

4,247.5

0

18

2

5,776.6

1

15

3

5,889.9

0

24

4

7,022.6

0

21

5

7,050.9

0

25

Reach

30 days prior to capture at the reach, bend, and trawl spatial scales.
A Bonferroni correction was also used for food‐producing regressions
(0.05/12 = 0.004).

3

|

RESULTS

During this study, 365 trawls captured at least one age‐0
Scaphirhynchus sturgeon, and only 21% of the trawls occurred in
areas that met the proposed definition of age‐0 pallid sturgeon foraging habitat (0.5–0.7 m/s, 1–3 m; Figure 4). Of the noncapture
trawls where velocity was measured, 16% (118 of 729 trawls)

regressions. We conducted the same analysis to evaluate food‐

occurred in areas that met the proposed definition of age‐0 pallid

producing habitat using the aforementioned 2‐day average for each

sturgeon foraging habitat (Figure 4). As for prey consumed, the cur-

spatial scale; however, this type of habitat may be cumulative in

rently proposed foraging habitat criteria did not yield increased con-

nature and may involve lag time between the production of a prey

sumption percentage values, and there was no obvious pattern

item and consumption by age‐0 Scaphirhynchus sturgeon. Therefore,

suggesting an optimal combination of depth and velocity for age‐0

we also evaluated the relationship between prey consumption and

Scaphirhynchus sturgeon foraging (Table 2); similar results were

food‐producing habitat by regressing the prey weight residuals to

observed for each length category (Appendix S2). When evaluating

the daily average amount of food‐producing habitat 10, 20, and

foraging habitat availability and year effects, the interaction was
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not significant (df = 1, F = 1.7, P = 0.19). As for the main effects,
year was significant (df = 1, F = 41.3, P < 0.001) with higher consumption percentages in 2015 than 2014. In contrast, consumption
percentages from individuals captured within and outside the proposed age‐0 pallid sturgeon foraging habitat were not significantly
different (df = 1, F = 0.1, P = 0.82) (Figure 5).
Weight of prey consumed was significantly (P < 0.001, R2 = 0.54,
df = 1) and positively correlated with body weight (Figure 6). The prey
weight residuals were not significantly (P ≥ 0.04, R2 ≤ 0.01, df = 1)
related to foraging habitat at the reach or trawl spatial scales
(Figure 7). A significant relationship (P < 0.001, R2 = 0.02, df = 1) did
exist at the bend scale (Figure 7); however, little of the variation was
explained by this regression model. As for food‐producing habitat,
we found a significant relationship (P < 0.001, R2 = 0.05, df = 1)
between the prey weight residuals and the 2‐day average of food producing habitat at the reach and bend spatial scales; however, little variation was explained by these regression models (Figure 7). In contrast,
there was no significant relationship (P = 0.62, R2 < 0.01, df = 1) at the
trawl scale. At 10, 20, or 30 days precapture, we also found no significant (P ≥ 0.005, R2 ≤ 0.02, df = 1) relationships, after the Bonferroni
correction, with the prey weight residuals regardless of spatial scale
(Figure 8).

4
FIGURE 4 Bottom velocity (m/s) and depth (m) at age‐0 sturgeon
capture (upper panel) and noncapture (lower panel) locations during
2014 and 2015. The red box encompasses the preliminary definition
of foraging habitat proposed by Jacobson et al. (2016) [Colour figure
can be viewed at wileyonlinelibrary.com]

|

DISCUSSION

Occupancy alone may not suggest beneficial habitat (Dodrill et al.,
2015), which was consistent with our foraging habitat assessment.
Despite sampling a wide variety of depth and velocity combinations,
we found that fewer than a quarter of trawls containing age‐0

TABLE 2 Mean consumption percentage (prey weight/body weight × 100), by trawl, from age‐0 sturgeon captured in 2014 and 2015 at areas
with specific depths (m) and near bottom velocities (m/s)

Note. The values within the red box indicate the foraging habitat depth/velocity range proposed by Jacobson et al. (2016). Darker shading indicates higher
consumption percentage values. Numbers in parentheses indicate sample size and standard deviation.

GEMEINHARDT
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FIGURE 5 Box plots of the consumption
percentage (prey weight/body weight × 100)
from age‐0 sturgeon collected during 2014
and 2015 at proposed age‐0 sturgeon
foraging and nonforaging habitats

Ridenour et al., 2011). Furthermore, the vast majority of fish (>96%)
captured during this study also contained prey, suggesting these individuals were able to effectively forage regardless of the depths and
velocities recorded. Most likely, near bed velocity measurements fail
to accurately reflect the forces acting upon age‐0 Scaphirhynchus sturgeon because the flow meter sensor is mounted to a lead sounding
weight approximately 13–18 cm above the river bed. Additionally,
the models are not capable of providing accurate estimates of velocities near the waterbed interface over a large spatial scale as HEC‐RAS
2D models simply provide depth averaged velocities. Young and
Scarnecchia (2005) reported the use of sand dunes by juvenile white
sturgeon (Acipenser transmontanus) in the Koontenai River and
FIGURE 6 Regression plot of prey weight (g) and body weight (g) of
age‐0 sturgeon collected in 2014 (●) and 2015 (○)

hypothesized this was due to reduced, near‐bed velocities associated
with large river dunes. Similarly, a laboratory study demonstrated that
age‐0 pallid sturgeon (140–170 mm) utilized sand dunes for energetic
refugia (Porreca, Hintz, & Garvey, 2017). Gosch et al. (2017) suggested

Scaphirhynchus sturgeon met the age‐0 pallid sturgeon foraging

that age‐0 Scaphirhynchus sturgeon may not only need a specific range

habitat depth and velocity criteria proposed by Jacobson et al.

of depths and velocities but also acknowledged uncertainty regarding

(2016). Furthermore, individuals captured from areas meeting the

exact capture location during a trawl run. If local microhabitats, such

proposed foraging habitat criteria did not have higher consumption

as sand dunes, provide velocity refugia, this may explain how these

percentages relative to individuals captured from areas not meeting

benthic fishes are able to occupy and feed in a wide variety of depths

the criteria. For example, only 1 of the highest 20 consumption

and velocities. If true, defining habitat metrics would likely require a

percentage values observed during this study occurred within the cur-

different approach, such as heavier reliance on understanding bed

rently defined foraging habitat. Because capture location was not nec-

form for describing foraging habitat.

essarily where foraging occurred, we also evaluated prey consumption

The amount of a priori defined food‐producing habitat also

and foraging habitat availability at several larger spatial scales. Regard-

appeared to have little effect on age‐0 Scaphirhynchus sturgeon prey

less of scale, however, the amount of proposed foraging habitat

consumption; however, additional challenges exist, when linking

(Jacobson et al., 2016) had little influence on the amount of prey

food‐producing habitat to prey consumption. The current hypothesis

weight consumed by age‐0 Scaphirhynchus sturgeon. Additionally,

is that slow velocity areas (<0.08 m/s) produce chironomids, and river

uncertainty exists regarding the actual velocities used by age‐0

currents transport these prey items to age‐0 Scaphirhynchus sturgeon

Scaphirhynchus sturgeon. For example, laboratory studies suggest that

foraging areas (Jacobson et al., 2016). Age‐0 Scaphirhynchus sturgeon

age‐0 pallid sturgeon <75 mm may not be able to hold position at

in the LMOR mainly consume chironomids (Civiello et al., 2018; Gosch

velocities ≤0.3 m/s (Kynard, Parker, Pugh, & Parker, 2007; David

et al., 2016; Gosch et al., 2018), but the origin of these prey items (i.e.,

Deslauriers, South Dakota State University, unpublished data); how-

transported in the drift, produced in the benthos of foraging areas, or

ever, many individuals were captured from areas in the wild with mea-

a combination of the two) is currently unknown. Additional research

sured velocities exceeding that threshold during this study and others

regarding the origin of chironomid prey available to Scaphirhynchus

(Gemeinhardt et al., 2016; Gosch et al., 2015; Gosch et al., 2017;

sturgeon would help identify and refine estimates of these essential

212
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FIGURE 7 Regression plots of age‐0 sturgeon prey weight residuals (calculated from Figure 6) and the average amount of foraging and food‐
producing habitat from the day of capture and the previous day at three spatial scales (river reach, river bend, and trawl location) during 2014
and 2015

habitats. Another source of uncertainty involves the lag time between

amount of food‐producing habitat on the lower Missouri River dur-

food production and consumption because transport of prey items

ing out‐of‐bank flows, which occurred more frequently in 2015.

may be flow‐dependent. We attempted to address this issue using

Additionally, Harrison (2012) showed increased availability of

multiple temporal scales (10, 20, and 30 days); however, this approach

nonburrowing prey within age‐0 Scaphirhynchus sturgeon foraging

may not have accurately accounted for the potential variability regard-

habitat immediately following flow increases in the middle Missis-

ing food‐producing habitats. Emigration and immigration is another

sippi River. Collectively, these results suggest differences in flow

potential concern; however, the lack of relationship at multiple spatial

magnitude may affect annual production or availability of prey in

scales also suggests little spatial effect on the variables evaluated dur-

the LMOR, although additional research would be necessary to eval-

ing this study.

uate this hypothesis. Regardless, we suggest that depth and velocity

Other, more complex, factors not evaluated as part of this study

criteria alone may not influence prey consumption, which is likely a

may influence prey consumption by age‐0 Scaphirhynchus sturgeon.

complex interaction of abiotic and biotic factors yet to be

For example, mean discharge in the river was 17% to 54% greater

completely understood. A better understanding of the mechanisms

during field collections in 2015 than in 2014, with concomitant

that influence prey consumption is critical for river managers as

increases in prey consumption (Civiello et al., 2018) even though

the current results suggest efforts to restore habitat with specific

within‐channel food‐producing habitat was greater in all reaches in

depth and velocity criteria are unlikely to provide the hypothesized

2014 than in 2015. A limitation of our study, however, was food

benefits to age‐0 Scaphirhynchus sturgeon. As such, ongoing studies

producing, and foraging habitats were not quantified on adjacent

evaluating increased prey consumption with a broader suite of vari-

floodplains during out‐of‐bank flows. Models produced by Erwin,

ables will allow for a multivariate approach to define those habitats

Jacobson, and Elliott (2017) showed a significant increase in the

necessary for successful age‐0 sturgeon foraging. Furthermore, our

GEMEINHARDT

213

ET AL.

FIGURE 8 Regression plots of age‐0 sturgeon prey weight residuals (calculated from Figure 6) and the average amount of food‐producing
habitat from 10, 20, and 30 days before capture at three spatial scales (river reach, river bend, and trawl location) during 2014 and 2015

results suggest the current metrics used to evaluate restoration tar-

simply set a restoration target of 20,000 acres of shallow water hab-

gets lack the biologically supported elements necessary to evaluate

itat without testing of alternative, competing hypotheses. This new

project success, which reinforces the need for adaptive management

approach benefits both the pallid sturgeon and stakeholders by

when implementing and evaluating management actions in the

reducing the risk of implementing costly and ineffective actions for

Missouri River (NRC, 2011; Doyle et al., 2011). Information from this

extended periods of time.

study will be valuable as federal agencies and Missouri River

Adaptive management allows for managing uncertainty, and

stakeholders move into the adjustment period of the adaptive

Jacobson et al. (2016) acknowledged that the proposed foraging and

management cycle.

food‐producing habitats were preliminary. Ideally, refined definitions

The current adaptive management plan (Fischenich et al., 2017)

would have been available for inclusion in the study of Jacobson

provides the framework for implementing and evaluating manage-

et al. (2016); however, little information existed regarding potential

ment actions identified in the effects analysis (Jacobson et al.,

relationships between prey consumption and habitat, such as depth

2016) in a step‐wise approach, which allows for hypothesis testing

and velocity. As such, Jacobson et al. (2016) suggested research to

prior to full implementation of a management action. For example,

better understand the potential role these proposed habitats play dur-

the annual restoration target for age‐0 pallid sturgeon habitat dou-

ing early life history. In response, we evaluated the relevance of the

bles after 6 years of habitat restoration, which will allow for physical

proposed foraging habitat definition finding little influence on age‐0

and biological evaluations of project performance (and possible

Scaphirhynchus sturgeon prey consumption, which also appeared true

adjustments) prior to larger scale implementation. This differs from

for depth and velocity in general. As such, we see little benefit to a

previous restoration actions on the lower Missouri River, which

revised foraging habitat definition based on depth and velocity criteria
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alone. Food‐producing habitat, as proposed, also appears to have little

Anthony P. Civiello

influence on prey consumption regardless of the time period investi-
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gated (i.e., 10, 20, or 30 days before capture). If age‐0 Scaphirhynchus
sturgeon is a valid surrogate for age‐0 pallid sturgeon, these results

RE FE RE NC ES

suggest that the proposed depth and velocity criteria used to define

Braaten, P. J., Fuller, D. B., & McClenning, N. D. (2007). Diet composition of
larval and age‐0 shovelnose sturgeon in the upper Missouri River. Journal of Applied Ichthyology, 23, 517–521. https://doi.org/10.1111/
j.1439‐0426.2006.00822.x

age‐0 pallid sturgeon foraging and food‐producing habitat may not
be useful in guiding habitat restoration projects, as actions focused
on developing these conditions are unlikely to provide the hypothesized benefits. If food limitations are indeed a recruitment bottleneck
for pallid sturgeon population growth, ongoing research evaluating
other variables that may affect chironomid abundance and distribution
(i.e., substrate composition, organic matter content, near‐bed velocities, discharge, etc.) will provide a better understanding of foraging
habitats that support age‐0 Scaphirhynchus sturgeon. Nonetheless,
the shovelnose sturgeon population in the LMOR appears stable
(Steffensen, Stukel, & Schuman, 2014) suggesting adequate recruitment to age‐1, which indicates food‐producing and foraging habitats,
regardless of how defined, occur in sufficient quantities to support
age‐0 shovelnose sturgeon survival (Civiello et al., 2018). Whether
these findings apply to pallid sturgeon is still unknown, and other studies have highlighted the importance of better understanding potential
surrogacy between shovelnose and pallid sturgeon during the first
year of life (Gosch et al., 2017, 2018; Civiello et al., 2018). We also
acknowledge that other posited elements of age‐0 pallid sturgeon
habitat, such as interception, may be important and deserving of
future investigations in addition to other hypotheses identified by
Fischenich et al. (2017; e.g., insufficient spawning habitat) to
successfully guide management actions that result in pallid sturgeon
population growth.
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